ABSTRACT This paper focuses on effective content delivering over the co-channel and full millimeter-wave (mm-Wave) heterogeneous networks (HetNets) by using hybrid self-backhaul and cache-assisted (HSBCassisted) content delivering. Especially, the small base stations (SBSs) are equipped with a single antenna, a portion of which has the capacity-limited cache and the remaining of which has not to cache. The macro base stations (MBSs) are equipped with multiple antennas or even massive MIMO, which provide the wireless self-backhaul for the SBSs without cache. Instead of the oversimplified flat-top mm-Wave antenna pattern, a more actual and accurate one for the uniform linear array at MBSs is used. By modeling the locations of line-of-sight (LoS) and non-LoS base stations as independent Poisson point processes, this paper first presents the downlink content delivering model as well as the distributions of interferences. Then, to explore the impact of the specific MIMO self-backhaul on content delivering, a comprehensive investigation is conducted in terms of the coverage probability, achievable average area rate (AAR), average delay (AD), and energy effective (EE). The analytical and numerical results show that the utilization of multi-antenna MBSs not only improves the AAR and AD of self-backhaul transmission from MBS to SBS but also does the ones of cache and non-cache access links due to narrow beam and direction transmission decreasing interference. The results also show that in the proposed HSBC-assisted HetNets, under the scenario where the low-resolution antenna array is used and the cache capacity is large, the effect of hardware power consumption on the aggregate EE is negligible. This result shows a trade-off between AD and EE. With a projected EE, the joint utilization of cache and low-resolution antenna array allows more antennas equipped at MBSs so that the near-field propagation loss is compensated by the higher gain of directional antennas. Meanwhile, the results show that the achieved performance gain by the HSBC-assisted system over the traditional self-backhaul (TSB)-assisted greatly depends on the system parameters. With this observation, an adaptive TSB-HSBC-assisted system model is proposed. When the ratio factor of cache-assisted SBSs is less than the threshold, the sole TSB-assisted model is selected; otherwise, the HSBC-assisted model is used.
I. INTRODUCTION
In the past few years, due to the proliferation of high-speed multi-media applications and high-end devices (e.g., smart
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handsets, laptops, machine-to-machine communication devices, etc.), the mobile data traffic has been growing exponentially to satisfy customer's huge and different link rate demand in different network services [1] . Moreover, in the near future Internet-of-things and other new data-hungry applications are expected to generate even more mobile data traffic [1] , such that the total traffic in mobile networks is predicted to reach 49 exabytes per month by the end of 2021 [1] . The rapid increase in the demand for wireless network resources has not only led to the outbreak of mobile data services, but also posed tremendous impact and challenge to traditional cellular communication systems. To deal with this challenge, the fifth generation (5G) mobile communication system has come out at the forefront of the theoretical research of wireless communications [2] . It is supposed that 5G technology will evolve the existing cellular networks and integrate some new dedicated solutions such as millimeter wave (mm-Wave), massive MIMO, heterogeneous networks (HetNets), and so on [3] . However, all these techniques require the co-existence of expensive and heavy backhaul traffic between base stations (BSs) and the core network, which motivates reducing backhaul traffic. In general, in traditional cellular networks, BSs retrieve requested content via capacity-limited backhaul links. During peak hours, this scheme results in information congestion bottleneck both at BSs as well as backhaul links [4] .
However, the recent researches show that mobile multimedia video traffic accounts for the majority of mobile data traffic. Moreover, most of these multimedia video traffic is caused by the duplicate downloads of some few popular content (or files). Therefore, motivated by these facts, N. Golrezaei at el. in [5] pointed out that this problem can be solved by pre-fetching some popular contents in the local caches of BSs (or devices) [6] . Caching popular content has the advantages of reducing delay by shortening the communication distance, improving network capacity and throughput due to the decreased propagation loss, and reducing operating cost due to lower cost of storage memory than bandwidth [7] - [8] . In general, in existing literature there are two distinguished proactive caching methods: 1) device caching when the requested content is stored at user equipments (UEs), and 2) edge caching when the requested content is stored at small cell BSs (SBSs). While device caching offloads the BSs by reducing the cellular transmission [9] , the more promising edge caching alleviates greatly the backhaul constraint of SBSs by reducing the transmissions from the core network, which is a very effective method to offload backhaul traffic. This work focuses on edge caching.
A. RELATED WORKS
Currently, caching popular contents at the edge of wireless networks has been becoming a promising solution [10] - [16] . From the perspective of frequency band deployment, a large number of early works focused on the traditional µ-Wave frequency band (or sub-6GHz) with the assumption of ideal backhaul link, the reason of which is that the µ-Wave frequency band is the dominant mode of current cellular networks. Specially, with the aid of stochastic geometry and Poisson point processes (PPPs) [17] , in [18] the cache-assisted multi-tier HetNets were investigated. By using concrete mathematical analysis, authors derived the downlink (DL) ergodic rate and outage probability. In [19] , by using a green network cache deployment budget, the optimizations on cache sizes for macro BSs (MBSs) and SBSs were obtained, respectively. In order to minimize the backhaul load, the work [20] exploited the optimization of content placement under cache capacity constraints. The work [21] considered random discontinuous transmission by using random caching under high mobility and static scenario, respectively. Different from the works [18] - [21] , the works [22] - [25] focused on the energy efficiency (EE) of cache-assisted HetNets operating over the identical µ-Wave frequency band. In work [26] , L. Wang et al. considered the massive MIMO antenna assisted wireless selfbackhaul. However, the circuit power consumption has not been considered in above works.
At the same time, mm-Wave bands from 30GHz to 300GHz have been proposed as a promising candidate for new spectrum in 5G networks due to huge under-utilized bandwidth [27] - [28] . The very short wavelength makes it possible to adopt relatively large antenna arrays in mobile terminals so that the highly directional antenna arrays' gain can compensate for the additional free space path loss caused by the ten-fold increase of the carrier frequency in mm-Wave systems and can mitigate the inter (intra) cells interference [27] . Moreover, the achieved performance gain can be further enhanced by using sophisticated beamforming scheme [29] . Therefore, the work [30] considered the scenario where the SBSs of the single-tier mm-Wave networks are connected to core network using capacity-limited backhaul. By using the method from stochastic geometry and the simplified flat-top antenna pattern for mm-Wave antenna array [31] , the average area spectral efficiency was derived. In [32] , authors investigated the cache-enabled MAC-based mm-Wave ad hoc networks, where randomly distributed nodes were supported by a cache and the ad hoc nodes were modeled as homogenous PPPs. In [33] , authors investigated the problem of cache memory allocation in each BS to 5G mobile users with video streaming on the highway covered by mm-Wave small cells. In [34] , a novel cache-enabled TCP framework was proposed. However, these works only considered the cache-enabled mm-Wave HetNets with ideal backhaul links without the specific realization.
In a parallel avenue, the edge caching has also been investigated over hybrid µ-Wave and mm-Wave frequency bands. In [35] and [36] , Y. Wu et al. investigated the cache-assisted HetNets over hybrid µ-Wave and mm-Wave frequency bands, where MBSs operate in µ-wave but SBSs operate in mmWave. The similar scheme of spectrum deployment has also been adopted in [37] , where the BSs of all tiers are equipped with multi-antenna. Different from [35] and [36] , the work [37] employed the simplified flat-top antenna pattern and only considered the noise-limited mm-Wave transmission. With the objective of optimal content placement, authors designed two novel caching schemes to maximize the successful content delivery probability with moderate to low complexities. For cache placement in hybrid mm-Wave and µ-Wave cellular networks, it was further investigated in work [4] by focusing on noise-limited and interference-limited scenarios such that the optimal cache content placement algorithms were derived. The above two-tier mm-Wave and µ-Wave HetNets were extended to multi-tier HetNets in [38] . Authors developed a comprehensive framework of mathematical and analytical methods. Although both µ-Wave and mm-Wave were simultaneously exploited in [39] , this work only considered the case where the µ-Wave and mm-Wave dual-mode was integrated effectly at SBSs, but not at MBSs. The dual-mode with µ-Wave and mm-Wave was also employed in [40] .
B. MOTIVATIONS AND CONTRIBUTIONS
From the above literature review, we see that it is a very exciting approach to imbed caching popular content into 5G mm-Wave HetNets, i.e., edge caching HetNets. Under different scenarios, the HetNets with cache have been studied over µ-Wave or hybrid µ-Wave and mm-Wave networks. However, most of these existing works only assumed a given and capacity-limited self-backhaul, but did not consider the realization of specific wireless self-backhaul transmission. In addition, there is still short of researches on co-channel and full mm-Wave wireless transmission with hybrid self-backhaul and cache (HSBC) assisted HetNets. Since mm-Wave communication is promising in short-distance networks with abundant available bandwidth [33] , it is a great way to integrate the cache and mm-Wave self-backhaul for effective content delivering.
Furthermore, applying MIMO antenna array at MBSs can reduce the self-backhaul delay, restrict interference, and enhance self-backhaul rate, but it yields huge circuit power consumption through high resolution analog-to-digital converters (ADCs). In general, the cost and power consumption are exponentially increased for the ideal hardware equipment where the resolution is very large. Moreover, for wideband mm-Wave MIMO systems, the power dissipated per conversion step (FoM, figure of metric [34] ) increases dramatically for sampling rates higher than about 1000MHz [40] , [41] - [42] . From environmental friendliness, it is of significance to find a way for improving EE in MIMO-enabled MBSs while maintain system performance.
Therefore, this paper focuses on the co-channel and full mm-Wave deployed HetNets by specially considering the HSBC-assisted content delivery. For a quick review, here the contributions are summarized as follows:
1) This paper proposes a full mm-Wave deployed HSBC-assisted HetNet, where the small cells are composed of cache and non-cache equipped SBSs. On the one hand, the system operates in cache-assisted content delivering mode under the condition where the requested content can be found in local caches of SBSs so that a typical UE retrieves directly the required content from cache-assisted SBSs. On the other hand, it works in traditional self-backhaul (TSB) assisted one under the case where a typical UE can not find the required content in local caches so that it retrieves the content with the assistance of the mm-Wave wireless self-backhaul provided by the multi-antenna even massive MIMO equipped MBSs (or backhaul access points). To accurately measure the effect MIMO antennas, this paper employs an actual mm-Wave antenna pattern for the uniform linear array (ULA). 2) By using the line-of-sight (LoS) ball and Nakagami small-scale fading channel model as well as the actual and accurate mm-Wave antenna pattern, this paper conducts the comprehensive investigations on the HSBC-assisted HetNets in terms of coverage probability (CP), average area rate (AAR), average delay (AD), and EE. The EE is formulated by considering the resolution of MIMO antenna array. It is revealed that when the density of massive MIMO equipped MBSs is small, the effect of the hardware power consumption on the total EE is negligible, especially when the low-resolution antenna array is employed. This result shows a trade-off between AD and EE. 3) Our analysis shows that the achievable performance gain by the proposed HSBC-assisted system over the TSB-assisted one greatly depends on the system parameters. Only when the practical ratio factor of cache-assisted SBSs is greater than a threshold, the HSBC-assisted system outperforms the TSB-assisted one. With this observation, this paper finally proposes an adaptive TSB-HSBC-assisted HetNet model by integrating mm-Wave and low-resolution antenna array at MBSs. For the convenience of implement in practice, this paper also presents the threshold of the ratio factor of cache-assisted SBSs for different powers and densities by calculating the AAR.
C. ORGANIZATION
The rest of this paper is organized as follows. In section II, the considered network model and popular content cache strategy are presented as well as the accurate mm-Wave MIMO antenna pattern. In section III, the DL content delivery and interference distribution are presented. Section IV presents a comprehensive investigation on the HSBC-assisted HetNets in terms of CP, AAR, AD, and EE. The simulations and numerical results are presented in section V. By using the analytical results, an adaptive TSB-HSBC-assisted HetNet model is proposed in this section. Section VI is the conclusions. Note that, throughout this work, we use capital bold-face letters to denote matrices and small boldface letters to denote column vectors. The notation (.) H symbolizes the conjugate transpose, E{.} stands for the expectation of an random variable, |.| denotes the absolute operator, and g u,v and ||X u,v || denote the small-scale fading coefficient and the Euclid distance between the network elements u and v, respectively. L I (s) is the Laplace transform (LT) of random variable (RV) I . (., .) denotes the Gamma function and 2 F 1 (. , . ; . ; .) is the Gauss Hypergeometric function defined by (9.142) in [53] . A list of the main mathematical notations employed in this paper is given in Table 1 .
II. NETWORK MODEL AND ASSUMPTIONS

A. NETWORK MODEL
As shown in Fig. 1 , a HSBC-assisted full mm-Wave wireless HetNet is considered, which consists of MIMO ULA equipped MBSs, single-antenna equipped SBSs, and single-antenna equipped UEs. Each MIMO ULA at MBSs is composed of N M antenna elements. All MBSs have access to core network via high-capacity optical fiber and deliver the non-cached contents to SBSs via mm-Wave wireless selfbackhaul. The transmit powers of MBSs and SBSs are P M and P S , respectively. The locations of MBSs and SBSs are modeled as independent PPPs M and S with densities λ M and λ S , respectively. To reduce delivery latency, a portion of SBSs of a cache ratio factor η, 0 η 1, is equipped with finite size caches, referred to as cache-assisted SBSs, and the remaining traditional SBSs have not cache, referred to as TSB-assisted SBSs. As a result, the cache and TSB assisted SBSs are modeled as thinned PPPs C S and B S with densities λ C S = ηλ S and λ B S = (1 − η) λ S , respectively.
B. UE ASSOCIATION
To minimize the backhaul usage, we assume that a typical UE is first associated with a cache-assisted SBS as long as the requested content can be found in its local cache. Otherwise the UE is associated with the nearest TSB-assisted SBS to achieve its required content. At the same time, a typical SBS is associated with the nearest MBS when retrieving the required content for UE. Therefore, for a typical network element (UE or SBS) located at v, we can assume that its nearest access point is located at u, u ∈ P . With the help from PPP, it is easy to have that the probability density function (PDF) of the access distance x P vu is expressed as
where it is assumed that λ P is the density of PPP P .
C. LOS AND NLOS MM-WAVE PROPAGATION
Because one remarkable characteristics of mm-Wave network is that mm-Wave signals are vulnerable to obstacles, we introduce the LoS ball to model the blockage, which has been shown accurate in dense mm-Wave cellular networks [43] . In this blockage model, a LoS radius R L is defined, which symbolizes the average distance between a UE and its nearby blockage. Therefore, according to [44] , the path loss of LoS and NLoS links can be formulated as 
D. CACHING PLACEMENT STRATEGY
A finite content library is considered, denoted by F =
where f j is the jth most popular content and J is the cardinality of library F. It is also assumed that each content has the same size with E bits. The content placement at cache-assisted SBSs is mainly designed on content popularity based [45] , which is modeled by a Zipf distribution [46] . Particularly, the request probability for the jth most popular content, denoted by a j , is commonly-modeled as [46] 
where ζ > 0 denotes the shape parameter defining the content popular skewness [46] ,
J j=1 a j = 1. Each SBS has a cache size L and can store up to H ∈ [L, J ] contents [10] . We employ the probability cache strategy, i.e., the probability that the content j is cached at an arbitrary SBS is q j 0 q j 1 . The sum of probabilities for all the contents being cached at an arbitrary SBS should be less than the SBS's cache size, i.e., J j=1 q j L [10] . The remaining un-cached contents are served by the TSB-assisted SBSs via MBSs. We use C,j S denoting the set of the cache-assisted SBSs who store the jth content. The density of
is satisfied. With a straightforward line, we define C,j S as the set of cache-assisted SBSs that do not store the jth content, whose density is λ
E. DISTRIBUTION OF ACTIVE MBSS AND SELF-BACKHAUL ASSISTED SBSS
This work assumes that each MBS can provide self-backhaul association for TSB-assisted SBSs of a maximum N B . It is further assumed that we use N * B denoting the realistic number of TSB-assisted SBSs associated to a given MBS over backhaul link. Obviously, N * B is a random variable and can be larger or less than the supported maximum backhaul number N B . In generally, the probability mass function is used to characterize the random variable N * B . However, for the ease of expression, with the density of the PPP B S be (1 − η) λ S , we consider approximating the realistically associated TSB-assisted SBSs' number N * B by its average value, i.e., E N * B = (1 − η) λ S /λ M . Therefore, the number of the TSB-assisted SBSs realistically served by a MBS is min
. Motivated by this consideration, we define B S as the thinned PPP of TSB-assisted SBSs associated successfully with MBSs for backhaul, whose density is given by
At the same time, at MBSs the average allocated power for each self-backhaul SBS is
Similarly, because that the density (1 − η) λ S of the TSB-assisted SBSs varies with the ratio factor η of cache-assisted SBSs, we have that all MBSs are not always activated, especially under the case where the density (1 − η) λ S of TSB-assisted SBSs is very small. Therefore, we define B M as the set of the realistically active MBSs, whose density is given approximately by
Note that, the expression considers the extreme scenario where the active TSB-assisted SBSs' number is small so that each MBS only associates TSB-assisted SBSs with average.
F. ANTENNA DEPLOYMENT AND DIRECTIONAL BEAMFORMING
To obtain a comprehensive understanding about the proposed HSBC-assisted content delivering over full mm-Wave frequency band, a more actual and accurate antenna array pattern for ULA at MBSs is considered. Specially, due to high free-space path loss, the mm-Wave propagation environment is well characterized by a clustered channel model. Without losing the generality, it is assumed that we consider a typical MBS located at z. Then, for a random single-antenna equipped network element located at j, the channel vector of mm-Wave signals from the typical MBS to the destination j can be expressed as [35] , [36] 
where h zj is a N M ×1 vector and L is the number of multi-path. For the lth multi-path signal, g zj,l is the complex small-scale fading that follows independent Nakagami fading. Due to highly directional beamforming and quasi-optimal property of mm-Wave signals, for simplicity we assume L = 1, then the index l in (6) can be dropped. Therefore, as assumed in II.A, the channel gain g zj 2 follows independent Nakagami-N κ , κ ∈ {L, N }, fading. In addition, we have a H θ zj that represents the transmit array response vector corresponding to the spatial angle of departure (AoD) θ zj , which are independent and identically distributed (i.i.d.) according to an uniform distribution over the internal [0, 2π ] . Because the ULA with N M antenna elements at MBS is considered in this paper, the transmit array response vector can be written as
where β = 2π/λ represents the wavenumber, d is the space among antenna's elements, and λ is the wavelength. The space of antenna's elements d should be less than or equal to half-wavelength to avoid grating lobes and enhance the beam's directionality. Generally, d = λ/2 is adopted in literature. Therefore, with the channel model (6) , in this work we employ the simple analog beamforming [35] - [36] , which is able to control the beam direction via phase shifters. Due to the low cost and power consumption, analog beamforming has already been used in some mm-Wave systems such as WiGig. Assuming the AoD of the channel between the MBS z and its associated network destination j is φ zj , the optimal analog beamforming vector is w zj = a φ zj (8) which means that the MBS should align the beam direction exactly with the AoD of the channel to obtain the maximum power gain. Therefore, for its serving TSB-assisted SBS k, we have φ zj = θ zk . The effective channel gain is given by
Regarding any other terminal k (SBS or UE), the effective interference channel gain is formulated as
Then, with the substitution of (7) into (10), we have
By substituting β = 2π/λ into (11), we have the inter product of the channel gain h z k w zk 2 given by
We define the array gain function as
This leads to the channel gain h z k w zk 2 written as
In the antenna array gain function G v z k − v zk , both v z k and v zk are independent and uniformly distributed RVs over
The distribution of the resulting RV v z k − v zk can not be expressed in a closed-form expression [47] . In practice, with the viewpoint of approximation, the resulting RV v z k − v zk can be viewed as uniform distribution [47] . That is to say, the array gain
Note that, the antenna array gain G(θ k ) is a normalized Fejer Kernal with factor 1/N M and is referred to as the actual antenna pattern [47] .
III. DL CONTENT DELIVERY AND INTERFERENCE DISTRIBUTION A. DL CONTENT DELIVERY
In this section, we first consider the DL content delivery and characterize the distribution of interference. Without loss of generality, it is assumed that a UE locates at origin O, who attempts to request the jth content. Due to Slivnyak's theorem [48] , this UE becomes the typical UE and its serving SBS is referred to as the target SBS under expectation over the coverall PPP. Because a typical UE could be associated with either cache-assisted SBS or TSB-assisted SBS, the corresponding signal transmissions are different. As a result, the corresponding signal-to-interference noise ratios (SINRs) are different, too.
1) CACHE-ASSISTED DL CONTENT DELIVERY
The first case is the one that the typical UE is associated with a cache-assisted SBS located at k that caches the requested jth content. In this case, the received SINR by the typical UE is formulated as
where
is the interference from the active cache-assisted SBSs who store the requested jth content, I
is the aggregate interference from the active cache-assisted SBSs who do not store the requested jth content,
is the aggregate interference from the TSB-assisted SBSs, the term
is the aggregate interference from the active MBSs, w nς is beamforming vector of the interfering MBSs n ∈ B M , and σ 2 O is additive Gaussian noise power at the typical UE.
2) TSB-ASSISTED DL CONTENT DELIVERY
When the typical UE is associated with a TSB-assisted SBS, the requested content can be achieved only through the help from the MBS backhaul. We assume that the simple time-division duplex is performed at TSB-assisted SBSs. As a result, a successful delivery of the requested content consists of two phases. In the first phase, the MBS delivers the requested content to the TSB-assisted SBS k via self-backhaul link. With the precoding at the associated MBS equipped by ULA, the received SINR by the SBS k from its associated MBS located at z is formulated as
is the interference from all cache-assisted SBSs, the aggregate interference from other TSB-assisted SBSs is given by
vector at the interference MBSs m ∈ B M \z for its associating SBS, and σ 2 k is the additive noise power. After obtaining the requested jth content via wireless selfbackhaul, the typical TSB-assisted SBS k delivers it to the corresponding UE in the second phase. The received SINR by the typical UE is formulated as
is the aggregate interference from the cache-assisted SBSs, the term
is the total interference from the other active MBSs, w mς is beamforming vector at the interfering MBS m ∈ B M \z.
B. LT OF INTERFERENCE
From (16), (17) , and (18), we see that the received SINRs are determined by not only the received signals' power, but also the received interferences. This yields that when we use the method from stochastic geometry to evaluate the system performance, the statistical descriptions of interferences are required firstly. Therefore, here we present the LTs of interference terms in (16), (17), and (18), respectively, which make it tractable to analyze the system performance in sequence sections. We first consider equation (16) and apply the concepts from stochastic geometry [48] 
In (19) , it is defined that
and λ B M is defined by (5),
, n is a trade-off parameter between the accuracy and complexity [49] . When n → ∞, the equality is established.
By using the fact that the typical UE is associated with the nearest cache-assisted SBS who stores the requested jth content, in I (16), the distance constraint x iO > x kO is required, where x kO is the distance between the typical UE O and its serving SBS k. Therefore, the LT of I C,j SO is calculated by
where (c) follows from the fact that the set of cache-assisted SBSs caching the jth content is modeled as PPP C,j S with density q j ηλ S and the small-scale fading channel gain |g iO | 2 is modeled as normalized Gamma RV. To derive the closed-form expression of L I C,j SO (s), we rewrite the first integral in the exponent of (23) as
Therefore, by using the similar line as the proof for Lemma 1, that is given in Appendix I, we obtain Lemma 2 giving the LT L I (25) where it is defined that
W L (·) and W N (·) are given by (21) and (22), respectively. Note that, unless otherwise specified, the sequent derivations would adopt the completely same definitions for W L (·) and W N (·) so that the detailed declarations will be ignored. In (16), I
C,j SO denotes the aggregate interference from the active cache-assisted SBSs which do not store the requested jth content, of which LT is calculated as follows.
Applying the fact that |g lO | 2 is a normalized Gamma RV, (27) can be further written as
In (16) the interference from active TSB-assisted SBSs is C,j SO is the interference from the active cache-assisted SBSs which do not store the requested jth content and I B SO is the one from active TSB-assisted SBSs, whose LTs are uniformly given by (23) and (24), the first integral term in the exponent of (30) is written as
The second integral in the exponent of (30) is written as
Therefore, with the aid of Gaussian-Chebyshev quadrature equation, Lemma 4 is achieved.
Lemma 4:
In (17), the LT of the interference I B Mk received by the SBS k from active MBSs is given by
At the same time, in (17) (18) and (16), respectively, we find that they have the similar forms. At the same time, I C SO in (18) and I C Sk in (17) are also similar. Therefore, from the view point of average over the coverall PPP, Lemma 6 is achieved. 
Using the similarity between I C SO and I C S,k , the LTs of I C SO and I C S,k are also the same, i.e.,
In equation (18) , it is achieved that the distance constraint
, where x kO is the distance from the typical UE to its associated TSB-assisted SBS k. Therefore, similar to Lemma 2, Lemma 7 is achieved.
Lemma 7: In (18), the LT of the aggregate interference I B SO from other TSB-assisted SBSs is given by
where W B SO is defined by
IV. PERFORMANCE ANALYSIS A. COVERAGE PROBABILITIES OF SINRS
The coverage probability of SINR is defined as the probability that received SINR surpasses a predefined SINR threshold τ . For the cache-assisted content delivery scheme, the received SINR by the typical UE who requests the jth content is given by (16) . By using the fact of a typical UE could be associated with different types of cache-assisted SBSs in L S for LoS or N S for NLoS, we have Lemma 8. Lemma 8: When the typical UE located at O is associated with a cache-assisted SBS that caches the requested jth content, the coverage probability of the received SINR by the typical UE O for DL content delivery is
where f x kO (x) is the PDF of access distance x kO between the typical UE located O and its nearest cache-assisted serving SBS k that stores the requested jth content and is given by
where s = n ξ η ξ x α ξ τ/P S C ξ , ξ ∈ {L, N }, ξ = L denotes the LoS component and ξ = N denotes the NLoS component, Similar to Lemma 8, by considering the LoS and NLoS scenarios simultaneously and using the beamforming mode (9), the corresponding coverage probability of the DL backhaul SINR M ,j zk defined by (17) can be achieved and is given by Lemma 9.
Lemma 9: When the typical UE O is associated with a TSB-assisted SBS k who does not store the requested jth content and retrieves it from MBS with the aid of wireless self-backhaul, the coverage probability of the received SINR by the TSB-assisted SBS k is given by (42) where f x zk (z) is the PDF of the backhaul distance x zk between the typical SBS k and its associated MBS located at z and is given by
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With the consideration of similarity between (18) and (16), it is easy to obtain the coverage probability of SINR B,j kO , which is given by Lemma 10.
Lemma 10: When the typical UE O is associated with a TSB-assisted SBS k and retrieves its required content from MBS with the aid of wireless self-backhaul, the coverage probability of the received SINR by the UE O from the typical TSB-assisted access link is given by (46) In (46) 
The LTs of I C SO , I B SO , and I B MO are given by (36), (37) and (35), respectively.
Based on Lemma 8, Lemma 9, and Lemma 10, we calculate the total average coverage probability of the DL content delivery for the typical UE located at O. Note that, in the considered HSBC-assisted system the total average coverage probability is determined jointly by the content delivery of the TSB-assisted SBSs and the one of the cache-assisted SBSs. Moreover, when the system operates in the TSB-assisted content delivery mode, a successful content delivery will happen only when the following two conditions hold, simultaneously: 1) the associated SBS k can successfully receive the UE's requested content over backhaul link from MBS; 2) after receiving the requested content, the SBS k can successfully deliver it to the objective UE. Therefore, combining the above considerations, the total average coverage probability of the DL content delivering for a typical UE is given by Theorem 1.
Theorem 1: In the considered HSBC-assisted system where a typical UE retrieves the requested content from cache-assisted SBS or TSB-assisted SBS, the total average coverage probability of the DL content delivering for a typical UE is given by Specially, for comparison we present the average coverage probability of the SINR received by a typical UE in the sole TSB-assisted systems, which is given in Corollary 1.
Corollary 1: Under the sole TSB-assisted content delivering system, the coverage probability of the DL content delivery for a typical UE is given by
B. AREA RATE OF DL CONTENT DELIVERY
After obtaining the DL SINR coverage probabilities, the DL AAR can be derived easily, which is defined as the achievable average area transmission rate over a given bandwidth B. Therefore, with the help of the results in [50] and the fact that the content delivery of TSB-assisted SBSs is dominated by bottleneck link, Theorem 2 is achieved.
Theorem 2: In the considered HSBC-assisted content delivering systems, with a given bandwidth B and SINR threshold τ , the available DL AAR by a typical UE is given by (48) , as shown at the bottom of this page. In (48), R C HSBC and R MB HSBC are the average transmission rates from cache-assisted and TSB-assisted schemes, respectively.
Corollary 2: Under the single TSB-assisted content delivering systems, the DL AAR for a typical UE is
C. AVERAGE DELAY OF SUCCESSFUL CONTENT DELIVERY
To evaluate the effect of multi-antenna deployed MBSs on the considered HSBC-assisted systems, besides coverage probability and area rate, the average delay of the requested content delivering is also another main metric. The average delay is referred to as the average time of a successful content delivery. This yields Theorem 3.
Theorem 3: For the considered HSBC-assisted content delivering systems, with given system spectrum bandwidth B and SINR threshold τ , the average delay for successful delivering Q content is given by 
HSBC denotes the delay of successful delivering Q content from MBS to TSB-assisted SBS and is given by
HSBC denotes the delay of successful delivering Q content from TSB-assisted SBS to UE and is given by
Corollary 3: Under the single TSB-assisted content delivering systems, the average delay for successful delivering Q content is given by
As adopted commonly, the average area energy efficiency is defined as the ratio of the total transmission rate and the total power consumption [54] . Because the total transmission rate for content delivering is given in Theorem 2 and Corollary 2, here we only evaluate the total power consumption so that the average area energy efficiency can be derived easily. Generally, the power consumption of a system includes radiation power, circuit consumption power, and the one of signal processing. In a common antenna array, each antenna requires an ADC or digital-to-analog converter, which is responsible for a large portion of circuit consumption power. Therefore, on the basis of these considerations, the power consumption of multi-antenna deployed MBSs is modeled as
where ε M is the reciprocal of the drain efficiency of MBS power amplifiers, P M Static represents the static circuit power consumption constant accounting for channel estimation, linear processing, and so on. P M ADC accounts for the ADC power consumption at each MBS, which is commonly modeled as [24] 
where N 0 is a constant, b is the resolution of ADC (the number of quantization bits). The commonly used power model (58) clearly shows that the power consumption P M ADC increases exponentially with the resolution b. As a result, the power consumption is unacceptable when the high-resolution antenna array is used in the systems where the antennas' number N M is very large, especially for massive MIMO systems.
For TSB-assisted SBSs, the power consumption of DL's content delivering is modeled as
The one of cache-assisted SBSs delivering the jth content is written as
In (59) and (60), P S Static and ε S are the static power consumption at SBSs and the reciprocal of the drain efficiency of SBS power amplifiers. Since each SBS is equipped with single antenna, the static power consumption P S Static contains the ADC power consumption. Then, based on the above power consumption model, we have Theorem 4 and Corollary 4.
Theorem 4: When the system operates in HSBC-assisted content delivering mode, with given SINR threshold τ and system spectrum bandwidth B, the average area energy efficiency is
where R C HSBC (τ, j) and R MB HSBC (τ, j) are defined by by
Corollary 4: Under the single TSB-assisted content delivering systems, the average area energy efficiency is
where R Tot TSB (τ ) is given by (51).
V. NUMERICAL ANALYSIS
With the above derivations and analyses, this section presents the simulations and numerical results. We assume the mm-Wave network operates at 73GHz [51] , the available bandwidth shared by all UEs is B = 1GHz, and the reference distance for the intercept is one meter. For clarity, the other parameters and the corresponding values are summarized in Table 2 , which are inspired from literatures mentioned in [51] and [52] , unless otherwise specified. With the above network parameter values, Fig. 2 presents the comparison analysis of coverage probability versus the predefined SINR threshold τ for delivering the jth file. Note that, here it is assumed that both the access and self-backhaul links have the completely same thresholds. Specially, In Fig. 2 (a) and (b) we first present the comparison results between analyses and simulations. Fig. 2 (a) shows the comparison results of the coverage probabilities both TSB-assisted and HSBC-assisted schemes, while Fig. 2 (b) only displays the ones of HSBC-assisted scheme under different H . The two figures show the analytical results are agreed with the simulations, which validates the derivations. At the same time, Fig. 2 (b) further investigates the impact of cache capacity H on the coverage probability C Tot HSBC of the proposed HSBC-assisted schemes. We see that the CP C Tot HSBC is increasing with the cache capacity H . This observation indicates that it is beneficial for the coverage probability to increase the capacity H of SBS's cache. We see in Fig. 2 (c) that in TSB-assisted systems, because of a successful transmission determined jointly by backhaul and access links, the total coverage probability C Tot TSB of the transmission from MBS to UE via SBS is small, even if the separate coverage probabilities C M TSB and C B TSB of backhaul and access links are high. On the contrary, the proposed HSBC-assisted scheme can greatly improve the total coverage probability C Tot HSBC . In addition, the total CP C Tot HSBC of the proposed HSBC-assisted scheme is increasing with the ratio factor η of cache-assisted SBSs. It is straightforward that the optimal coverage probability is achieved when the ratio factor η equals to 1. Note that, for the clarity and simplicity of figures, in Fig. 2 (c) , we only present the analytical results, which holds in the sequent analyses, too. Fig. 3 investigates the achievable AAR. Fig. 3 (a) presents the AAR versus the transmission power P S under different ratio factor η of cache-assisted SBSs. We see that when the SBS's power P S is small, in the TSB-assisted scheme the transmission rate R Tot TSB of the backhaul-assisted DL (i.e., η = 0) is limited by the access link and increases with the power P S . However, when the transmission power P S is high, it is determined by the backhaul link from MBS to SBS and holds constant approximately. This observation indicates that under the TSB-assisted transmission case the increase of P S can not improve the network rate performance. We also see that the effect of P S on the backhaul link is small relatively. This yields that the transmission rate R Tot TSB of the backhaul-assisted DL is constant, approximately. However, in the proposed HSBC-assisted scheme, the achievable AAR R Tot HSBC is increasing with P S over the whole region of P S . In addition, Fig. 3 (a) shows that when the ratio factor η of cache-assisted SBSs is small, it is difficult to obtain that the proposed HSBC-assisted scheme outperforms the TSB-assisted one in terms of the achievable AAR. Only when the ratio factor η is high, it is possible that the proposed HSBC-assisted scheme outperforms the TSB-assisted one. For this observation, we have the following explanation. When the ratio factor η of cache-assisted SBSs is small, the density of the thinned PPP C S of the SBSs having cache is small so that the average distance between the UE and access point is large. The average rate of the proposed HSBC-assisted scheme is still small. This observation indicates that, to exploit the potential of cache-assisted transmission, the value of η should be greater than its minimum, only above which the proposed HSBC-assisted scheme outperforms the TSB-assisted one. Obviously, the minimum of η depends on system's parameters. From Fig. 3 (a) , we see that when P S = 20dBm, the minimum of η is η = 0.5. However, when P 2 = 14dBm, it is η = 0.6. At the same time, the difference between R Tot HSBC and R C HSBC is decreasing with η. The reason of this observation is that when η is high, the number of SBSs without cache is small and the total rate is greatly determined by the cache-assisted DL transmission.
The impact of the density λ S of SBSs on the two schemes is presented in Fig. 3 (b) . Firstly, it is found that Fig. 3 (b) has some similar results as Fig. 3 (a) . Specially, in the TSB-assisted scheme the AAR R Tot TSB is limited by the backhaul from MBS to SBS and holds constant approximately when the density λ S is high. Only when η is large enough, it is possible that the proposed HSBC-assisted scheme outperforms the TSB-assisted one. Besides these same observations, we find that when the density λ S is high, the achievable AAR is slightly decreasing with λ S due to huge interference from SBSs on the typical transmission. We also find that when the density λ S is small relatively, the total AAR R Tot TSB of the TSB-assisted scheme is increasing linearly with λ S , which is different from Fig. 3 (a) . In practice, in small λ S , the transmission rate of backhaul link is smaller than the one VOLUME 7, 2019 of access link and the density of active MBS is increasing linearly with λ S . Therefore, we have that in the region of small λ S , the achievable AAR R Tot TSB of the TSB-assisted scheme increases linearly with λ S . Summarizing the above observations, we have that in Fig. 3 (b) the achievable AAR R Tot TSB of the TSB-assisted scheme is limited by the backhaul transmission over the entire region of λ S , which is different from Fig. 3 (a) . Besides the above observations, from Fig. 3 (a) and (b) it is also achieved that the difference between R C HSBC and R Tot HSBC is increasing with P S or λ S . This result indicates that the proposed HSBC-assisted scheme is more effective in high-density network.
To find the effect of the number of antennas equipped at MBSs, Fig. 4 (a) investigates the AAR versus the antennas' number N M at MBSs under different ratio factor η of cache-assisted SBSs. Because the density of MBSs is small relatively, in Fig. 4 (a) the total transmission rate R Tot TSB of the TSB-assisted link is dominated by the MBS-SBS transmission. We find that in this case, the number of antennas at MBSs has small effect on the AAR R Tot TSB of TSB-assisted links. The reason is that the co-channel equipment yields the typical MBS suffering from the interference from other multi-antenna equipped MBSs. The antenna gain provided by multiple antennas is offset mutually. However, we see that in the proposed HSBC-assisted scheme, both R C HSBC and R Tot HSBC are increasing with N M . This is due to the fact that the increase of N M results in narrower beam so that the interference on other destinations is mitigated. Therefore, we have that the increase of the number of MBS's antennas improves the AAR of the proposed HSBC-assisted schemes due to the stronger direction and narrower beams, even if the transmission from MBS to SBS depends slightly on the antennas' number N M at MBSs. Fig. 4 (b) presents the effect of the maximum number N B of SBSs supported by a typical MBS. The more interesting results can be found in this figure. We first consider the transmission rate R Tot TSB of the TSB-assisted scheme. When the maximum number N B is small, the transmission rate R Tot TSB increases with N B , then the transmission rate R Tot TSB holds constant, and finally R Tot TSB decreases with N B . For this finding, we have the following explanations. Firstly, when the maximum number N B is small, the density of active SBSs increases linearly with N B and the total rate R Tot TSB is dominated by the access link. Then, with the continuous increase of N B , the transmission rate of the access link is greater than the one of the MBS-SBS backhaul link, so that the total rate R Tot TSB is dominated by the MBS-SBS backhaul link. Moreover, the transmission rate of backhaul link is invariable approximately. Finally, when of value of N B is very large, the average number of the active MBSs is dominated by N B and λ S and decreases with N B . As a result, the total transmission rate R Tot TSB decreases. Similar to the TSB-assisted scheme, the proposed HSBC-assisted scheme is impacted greatly by the maximum number N B of SBSs supported by an MBS. We see that when N B is small, the total rate R Tot HSBC of the proposed HSBC-assisted scheme decreases. However, when N B is large, the rate R Tot HSBC increases. By using the similar reason as the one for the TSB-assisted scheme, we have that when the maximum number N B is small, the number of the active TSB-assisted SBSs increases linearly with N B . The interference from those active SBSs dominates the performance of the proposed HSBC-assisted scheme. Then, with the continuous increase of N B , the interference from the SBSs without cache holds constant. However, in this case the average number of the active MBSs decreases with N B . As a result, the proposed HSBC-assisted scheme benefits from the decreased interference from MBSs. We have that the achievable rate R Tot HSBC increases. Note that, our analysis shows that when N B > 10, the rate R Tot HSBC would be invariable. Therefore, in our scheme we take N B 10.
In Fig. 5 , by focusing on the proposed HSBC-assisted scheme and taking H = 70, the average delay is investigated for delivering content packets of Q = 0.1 × 10 6 bits. Specially, Fig. 5 (a) shows that compared with the TSB-assisted scheme (η = 0), the proposed HSBC-assisted scheme achieves very low transmission delay. Moreover, the delivering delay is continuously decreasing as the cache ratio factor η increases. Meanwhile, Fig. 5 (b) further investigates the average delay of the proposed HSBC-assisted scheme by taking η = 0. 45 While the number N M of MBS's antennas has the impact on the delay, the capacity H (M ) of SBSs' cache is also another key factor. Fig. 5 (c) presents the average delivering delay versus the cache capacity H (M ). Besides the similar results as Fig. 5 (a) and Fig. 5 (b) , we have that when the cache capacity H (M ) is large, the average delivering delay D Tot HSBC is decreasing with the ratio factor η of cache-assisted SBSs, but when the cache capacity H (M ) is small, the delay D Tot HSBC is increasing with η. The reason is that large cache size results in higher hit probability and more SBSs can provide cached content delivery. As a result that the total delay is dominated by the transmission of cache-assisted SBSs, which has very low delay. Contrarily, the total delay is dominated by the TSB-assisted transmission having high delay.
In Fig. 6 we investigate the energy efficiency of the proposed scheme. From Fig. 6 (a) , it is achieved that the energy efficiency E M HSBC of the backhaul delivery from MBS to SBS is decreasing with the antennas' number at MBSs due to the huge hardware power consumption at MBSs' antenna array. However, the aggregate energy efficiency E Tot HSBC of the proposed HSBC-assisted scheme approximately holds constant when the antenna's number N M is large relatively. It is more interesting that when the antennas' number N M is small, the aggregate EE E Tot HSBC is increasing with N M . This is due to the following reasons. On the one hand, as achieved previously, the increase of the antennas' number enhances the transmission rate of the cache-assisted DLs because of the decrease of interference. On the other hand, in our set of HetNet λ M is small so that the aggregate EE E Tot HSBC is dominated by the one of the cache-assisted SBS DLs. At the same time, we also see that the aggregate E Tot HSBC depends on the cache's capacity H . Specially, we have that the increase of H is not always beneficial to improve the energy efficiency E Tot HSBC . Fig. 6 (a) shows that although the effect of N M on the aggregate EE E Tot HSBC is negligible, the effect on the EE E M HSBC of backhaul delivery is evident. This is due to λ M be very small. Therefore, it is meaningful to find a way to enhance the E M HSBC of backhaul delivery when the antennas' number is large so that the total EE E Tot HSBC can be enhanced. As shown in Fig. 6 (b) , it is achieved that the utilization of the low-resolution antenna array is very beneficial to enhance the E M HSBC of the backhaul delivery from MBS to SBS. For example, when N M = 30, the antenna array of the resolution b = 2 achieves about 200% gain of EE E M HSBC over the antenna array of the resolution b = 10. This also yields the improvement of E Tot HSBC . Hence, in practical implementation, we should utilize the low-resolution antenna, especially when the density of the PPP of MBSs is large. With the above inspiration, Fig. 6 (c) exploits the impact the MBSs' density on EE.
In Fig. 3∼Fig . 6, the transmission rate, delay, and EE of the proposed HSBC-assisted systems are investigated by taking comparison with the ones of the TSB-assisted systems. These investigations display that the HSBC-assisted systems do not always outperform the TSB-assisted systems. As shown in Fig. 3 (b) , with given λ S , the HSBC-assisted systems outperform the TSB-assisted ones only when the ration factor η of cache-assisted SBSs is greater than an minimum called threshold η th−λ S . Obviously, η th−λ S is determined by the systems' parameter and greatly depends on λ S . From Fig. 3 (a) , we can also obtain the similar results and define the corresponding threshold η th−P S . All of these insights motivate us providing a novel adaptive model named as adaptive TSB-HSBC-assisted systems. The core concept of the adaptive TSB-HSBC-assisted systems is that, based on given P S (or λ S ), the corresponding threshold η th−P S (or η th−λ S ) can be obtained by calculating the AAR. Then, the systems selects adaptively operation mode between TSB-assisted mode and HSBC-assisted mode by comparing the current realization η with the threshold η th−P S (or η th−λ S ). When the current η is greater than the threshold η th−P S (or η th−λ S ), the HSBCassisted is selected. Otherwise, the TSB-assisted one is selected. With the adaptive scheme, the performance can be further enhanced. For the convenience of practical implementation, based on the parameter in Table 2 , we evaluate the corresponding thresholds by using the optimal algorithm for AAR, which is given in Fig. 7 . Fig. 7 shows the thresholds η th−P S and η th−λ S depend on P S and λ S . Fig. 7 shows that when both the power and density are large, the thresholds of η are decreasing with the power and density.
VI. CONCLUSIONS
We have studied the effective delivery method for popular multimedia content over full mm-Wave HetNets by combining cache and self-backhaul delivering schemes. The MBSs are equipped with MIMO antenna array, but the SBSs and UEs have the single-antenna. The small cells are composed of no-cache and cache equipped SBSs. The whole network operates in hybrid mode with cache-assisted or TSB-assisted content delivery. In contract to the widely used and oversimplified flat-top mm-Wave antenna pattern, this work adopts an actual antenna pattern with ULA at all MBSs. By modeling the locations of LoS and NLoS base stations as two independent PPPs, to which have different path loss laws, this paper presents a comprehensive investigation on the HSBC-assisted HetNets in terms of CP, AAR, AD, and EE. Analytical and numerical results show that the utilization of multi-antenna array at MBSs is effective not only on AAR and average delay, but also on EE. When the low-resolution antenna array is adopted at MBSs, the EE is further improved. Meanwhile, our analysis found that with given SBSs' density and power, the proposed HSBC-assisted systems outperform the TSB-assisted ones only when the ration factor of cache-assisted SBSs is greater than a threshold. This observation yields that an adaptive TSB-HSBC-assisted network model is proposed. When the current ratio factor of cache-assisted SBSs is less than the threshold, the single TSB-assisted model is selected. Contrarily, the HSBC-assisted model is done. For the convenience of implement in practice, this paper also presents the threshold of the ratio factor of cache-assisted SBSs for different powers and densities by calculating the AAR. The derivations in this work can be used for guiding the design of multimedia content delivering over the forthcoming 5G wireless networks.
APPENDIX I PROOF OF LEMMA 1
Here, we first present the proof of Lemma 1 that given the LT of the interference I B MO . With the definition
, the LT of the interference from the active mm-Wave MBSs is formulated as
Using the presented actual antenna pattern for uniform linear array (15) and taking the array gain
Using the probability generating function of PPP [48] leads to the LT L I B MO (s) given by (63), as shown at the top of the next page.
Further applying |g nO | 2 be a normalized Gamma RV [43] , (63) is written as
To derive (67), we first calculate the integral for LoS group of interfering MBSs, which is given by (64), as shown at the top of this page. In (64), (b) follows from the result (3.194.2) in [53] , and W L (P, N M , G(ω), Y ) is defined by
Similarly, with the equation (B.4) in [46] , the corresponding integral for the NLoS group of interfering MBSs in (67) is given by 
is given by f x kO (x) = 2π q j λ S η x exp −π q j λ S η x = Pr
Using the aid of the tight upper bound in Appendix A from [40] P {g kO < r} = 
where s = n ξ η ξ x α ξ τ/P S C ξ , ξ ∈ {L, N }, ξ = L denotes the LoS component and ς = N denotes the NLoS component. This leads to Lemma 8.
APPENDIX III: PROOF OF LEMMA 9
Similar to (73), by considering the LoS and NLoS scenarios simultaneously and using the beamforming mode (9), the corresponding coverage probability of the DL backhaul SINR 
